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nucleon using the meson cloud model. We include contributions both from the vector 
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the bag model, we first give the polarized valence quark distribution of the p meson 
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I. INTRODUCTION 



The possible breaking of parton model symmetries by the nucleon's quark distribution 
functions has been a topic of great interest since the experimental discoveries that the Ellis- 
Jaffe im and Gottfried p| sum rules are violated. In particular, the flavour asymmetry 
in the nucleon sea {d > u) has been confirmed by several experiments 0,^, and the x- 
dependence of this asymmetry has been investigated. This asymmetry can be naturally 
explained in the meson cloud model, in which the physical nucleon wave function contains 
many virtual meson-baryon components, and the valence anti-quark in the meson contributes 
(via a convolution) to the anti-quark distributions in the proton sea. Since the probability 
of the Fock state Invr"*") is larger than that of the | A++7r^) state in the proton wave function, 
the asymmetry d > u emerges naturally in the proton sea. There have been many theoretical 
investigations (see e. g. and references therein) on this subject. 

Recently there has been increasing interest in the question of whether this asymme- 
try extends also to the polarized sea distributions i.e. Ad{x) 7^ Au{x). Such a polarized 
sea asymmetry would make a direct contribution to the Bjorken sum rule. Although well 
established experimental evidence for a polarized sea asymmetry is still lacking, some experi- 
mental studies have been done . Moreover several parameterizations |]10[ for the polarized 
parton distributions arising from fits of the world data from polarized experiments leave 
open the possibility of this asymmetry. There have also been some theoretical studies on 



this asymmetry. In Ref. |TT],|T2|, the polarized sea asymmetries are calculated in the chi- 
ral quark-soliton model (using the large- iVc limit). Sizable results for Ad{x) — Au{x) and 
Ad{x) + Au[x) — 2As{x) were found, and it was further predicted that the flavour asymme- 
try of the polarized sea distributions is larger than that of the unpolarized sea distributions, 
Ad{x) — Au{x) > d{x) — u{x) . Such sizeable asymmetries would make an important 



I.e. 



contribution (around 20%) to the Bjorken sum rule. Fries and Schafer ||T3| calculated the 
non-strange polarized sea asymmetry by considering the p meson cloud in the meson cloud 
model. Their prediction for Ad{x) — Au{x) is more than one order of magnitude smaller 
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than the result from the chiral quark-sohton model. Boreskov and Kaidalov analysed 
this asymmetry by calculating the Regge cut contribution to the imaginary part of the high- 
energy photon-nucleon scattering amplitude. They found that the interference between the 
amplitudes for the photon couphng to a pion or to a rho meson can provide a sizable polar- 
ized anti-quark asymmetry in the small x region. This asymmetry has also been discussed 



in the instanton model |T5| and a statistical model [jT6[ for the parton distributions of the 
nucleon. 

In this paper we investigate the flavour asymmetry of the non-strange polarized anti- 
quarks using the meson cloud model. We include both the vector meson cloud and the 
interference terms of the pseudoscalar and the vector mesons. Such interference terms appear 
naturally in the meson cloud model. In section II, we derive the formulas in the meson cloud 
model to calculate the flavour asymmetry of non-strange polarized anti-quark distributions. 
The numerical results are given in section III along with discussion. In section IV we discuss 
how a contribution to the flavour asymmetry can arise from the Fermion nature of the quarks, 
often called Pauli blocking. Section V is a summary. 



II. FLAVOUR ASYMMETRY IN THE MESON CLOUD MODEL 

In the meson cloud model (MCM) the nucleon can be viewed as a bare nucleon plus some 
meson-baryon Fock states which result from the fluctuation — ^ MB. The wavefunction 
of the nucleon can be written as @ , 

|iV)physicai = ^|iV)bare + EE / dy ci>]^'s{y \M\y ."k^); B^\l - y , -\^^)) (1) 

MB AA' 

where Z is the wave function renormalization constant, (p^BiVi ^1) is the wave function of 
the Fock state containing a meson (M) with longitudinal momentum fraction transverse 
momentum k^, and helicity A, and a baryon {B) with momentum fraction 1 — y, transverse 
momentum — k^, and helicity A'. The model assumes that the lifetime of a virtual baryon- 
meson Fock state is much larger than the interaction time in the deep inelastic or Drell-Yan 
process, thus the quark and anti-quark in the virtual meson-baryon Fock states can con- 
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tribute to the parton distributions of the nucleon. For spin independent parton distributions 
these non-perturbative contribution can usually be expressed as a convolution of fluctuation 
functions with the valance parton distributions in the meson and/or baryon. For polarised 
parton distributions in the model it is necessary to include all the terms which can lead to 



the same final state |17]. This allows the possibility of interference terms between different 



terms in the nucleon wavefunction eq. (|l|). The effect of interference between A^vr and Avr 
terms on polarised quark distributions was calculated in [18,19|. For polarised anti-quark 
distributions the interference will be between terms with different mesons and the same 
baryon e.g. A^vr and N see Fig. 1. 

We can write the total meson cloud contribution to the distribution of anti-quarks of a 
given flavour with helicity a as 

/• 1 r£ r£ 

x6q''{x) = J2 dyf(M^M2)B/Nhj)-Q.{KhM2)\i-) (2) 

^ Jx U U 



where 



i-oo I I 

fiM.M,)B/N{y) = E / dkl<Pllj,{y, kl)<Pl^^j,{y, kl), (3) 

A' 

is the helicity dependent fluctuation function. The second meson (M2) could be the same as 
or different from the first meson (Mi). 
For simphcity we denote Eq. (H) as 

iM2)B/N ® 1{MiM2)X- (4) 

A 

The two mesons appearing in Eq. may be both vector mesons {V) or one pseudoscalar 
meson (P) plus one vector meson {V), that is 

x5q" = E fvB/N®QYx^ E f{ViV2)B/N®Q\ViV2)x^^f{PV)B/N®Q\PV)o- (^) 
A=0,±1 A=0,±1 A=0 

Observing that (see the discussion below) 

-T _ -i -i _ -T 

^(ViV2)i - ^{ViV2)-V ^(ViV2)i - ^(ViFa)-!' 

^(ViV2)o = ^(ViV2)o' ^(W)o 7^ ^(W)o' (6) 



and denoting 



V2)B/N — f{ViV2)B/N ~ f{ViV2)B/N (7) 



we have 



x{Aq) = x5q^ — x5q^ 

= AfvB/N ® Agy + Af(^ViV2)B/N ® Aqv^V2 + ^f{PV)B/N ® Aqpy ■ (9) 

The first term in Eq. comes from the vector meson cloud, which has been considered 
in 



p^j . The second and third terms, which are first included in this study, result from 
the interference between terms with two different vector mesons (p, uj) and between terms 
with a vector meson (p, uj) and a pseudoscalar meson (vr) respectively. Eq. explicitly 
shows the existence of the interference contributions. We would like to point out that the 
above interference terms do not contribute to the unpolarized parton distributions due to the 
flavour-spin structure of the SU (6) wavefunction. For example, the ir^-p^ interference term 
contributes to d) and with equal magnitude but opposite sign (see the below expressions 
for the wave functions), so the result is zero when the helicities are summed up. The SU{Q) 
wavefunction also leads to a zero contribution to the polarised anti-quark distribution from 
n-T] interference terms. 

The interference distributions (Agp^, Ag^^p, Ag^r^^^, g = u^d) do not have the same 
straightforward interpretation as the quark distributions. However using the quark model 
with SU (6) wavefunctions we can relate these distributions to the polarised anti-quark dis- 
tributions of the vector mesons. In the quark model, the valence wavefunctions of the vr, p 



and UJ mesons can be written as pO| 



|7r+) = -^{d)u^ - d^u^)ij^{x, k^), 



|7r°) = ^{u\^ - u^u^' - dU^ + d^d^)i!^{x, fc^), 

\n-) = ^{uU^ -u^d^)ij^{x,k^), (10) 



V2' 



= d^i'^ijpix, k^), 
v2 

Ip"^)^'""^ = d^u^'ijjp{x, kj_), 
\pT'-^{u^u^-d'd^)^p{x,k^), 

= -{v)u^ + u^u^ - dU^ - d^d^)iljp{x, ki_), 

= ^(^/W - d^d^)iPp{x,k±), 

= u^d^ipp{x,k±), 

= ^(^/^d^ + u^d^)ijp{x, kj_), 
v2 

= (11) 
-^{u^u'^ +d^d^)ijj^{x,k^), 

-{u^u^ + u^u^ + d^d^ + d^d^)ipu){x, k±), 

d>d^)i)^{x,ks_), (12) 

v2 



where iPm{,x, /cx) is a two-body light-cone wave function. The ui meson has been treated as an 
ideal mixture of an octet and a singlet. Note that the distribution (j)[x) = J d'^k±\ip{x, k±)\'^ 
is not the "true" parton distribution since only the lowest Fock state is considered and the 
normalization condition is not satisfied {Jq 0(x) < 1). Employing the above wave functions 
and assuming ipT:{x,k±) = ipp{x,k±) = ipu)ix,k±), we can obtain the following relations 
between the polarized anti-quark distributions and the interference distributions, 

Adp+ = Aup- = 2AdpO = 2AupO = 2A4 = 2AiZa; = 4>{x), 
Adpo^ = -Aupo^ = -^4>{x), 
AJ(^+p+)o = Au^^-p-)^ = 2Aj(^opO)o = 2AiZ(^opO)o = (f){x), 
A(i(^o^)o = -A'U(^o^)o = -^(pix). (13) 

Although the above relations are derived from the quark model and by considering only the 
lowest Fock states, we will assume they hold for the full wavefunction. Thus the distribution 
0(a;) can be replaced with the polarized parton distribution Avp — Adp+ — Aup- which, in 
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principle, can be measured experimentally. We adopt two prescriptions to obtain the Avp 

i.e. 



distribution: (i) employing the MIT bag model and (ii) adopting the ansatz used in |jT3 
relating it to the valence quark distribution of the vr meson inspired by the lattice calculation 
of the first moments of the polarized and unpolarized parton distributions of the p meson. 

We will consider the fluctuations p — >■ A^vr, N p., Nuj and p — Avr, Ap. We neglect the 
fluctuation p —>■ Auj as this fluctuation is forbidden by isospin. The following relations exist 



for the fluctuation functions 21 



2 

^fp+n/p = '^^fpOp/p = -AfpN/N, 

3 1 

A/p-A++/p = 2^/p°A+/p = 3A/p+A0/p = -A/pA/AT, 
f{TT+p+)n/p = 2/(^OpO)p/p = f(Trp)N/N, 

3 1 

/(7r-p-)A+ + /p = ■^f{7T0p0)A+/p = 3/(,r+p+)A0/p = 2f{-np)A/N- (14) 



Using Eqs. (0) and ([T^ we can obtain from Eq. 



2 1 

x{Ad - Au) = [-AfpN/N - -A/pA/jv] ® Avp 

2 1 

+ [~^f{p°Uj)p/p + ■^f(7Tp)N/N ~ '^f{TTp)A/N ^ f{TT"uj)p/p] ® 

= A/p ® Avp + Afint ® At^p. (15) 



The first term is the same as the result given in We note that there are no contributions 
directly from the u meson due to its charge structure. The second term is the interference 
contribution. 

Now we turn to the calculation of the fluctuation functions. The fluctuation MB 
is described by the effective interaction Lagrangians @], 

C-NA-K = f'NA-nNdp-nA^ + h.c, 

Cnnv = gNNvNlpO^N + fNNvNa,,N{d^e'' - 8'' 9^) 

Cnap = fNApiN^,ipA,{d^e'' - d'^e^) + h.c, (i6) 

where is a spin-1/2 field, A a spin-3/2 field of Rarita-Schwinger form, vr a pseudoscalar 
field, and 6 a vector field. The coupling constants are taken to be P,p2| , 
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qIn^/^-^ = 13.6, 

5'^iVp/47r = 0.84, fNNpl 9nnp = ^■'^/"^mj^^, 

S'ATAfw/^TT = 8.1, fNNuj/gNNui = 0, 

f^^Jin = 12.3 GeV-2, /^Ap/4vr = 34.5 GeV-^. (17) 

The amplitudes 0ms (i/j ^1) which essentially determine the fluctuation function (see Eq. (^) 
are calculated by using time-ordered perturbation theory in the inflnite momentum frame, 

, AA' / u2^_ 1 VmNmBVj)^ip{y,kl)GMB{y,kl) 

where is the invariant mass squared of the MB Fock state, 

mUiy, kl) = ^^^^^ + (19) 

As usual a phenomenological vertex form factor, GMB{y, k'j_) is introduced to describe the 
unknown dynamics of the fluctuation —>■ MB. Here we adopt the exponential form, 

m% - mMBiy,kl) 



GMB{.y,k^) = exp 



(20) 



2A2 

where A is a cut-off parameter. We adopt Aod = 1.08 GeV and and A^ec = 0.98 GeV for 
the fluctuations involving the octet and decuplet baryons respectively p. This form factor 
satisfies the relation GuBiy, k\) = Gbm{,^ — y, k\). 

We note that there are two prescriptions for calculating the vertex functions V/a/f, de- 
pending on the manner in which the meson energy is treated. In this work we follow the 
prescription used in reference i.e. the meson energy in the vertex is Ej^ — Eb, which is 
called method (B) in reference ||13|. The expressions for the various fluctuation functions in 
Eq. (|15D are given in the Appendix. These expressions agree with the vertex functions given 
in [0, but differ from those given in the appendix of in the following ways: 1) The terms 



proportional to fNNpQNNp in fpN/N^y) have the opposite sign; 2) Our resuhs for fp^/^iy) 
agree with the results of method (A) in [|T^ (Eqs. (24) and (26) in the appendix of |T^), 
rather than the results of method (B). Finally we note that adopting the alternative method 
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(method (A) of [|T3[) leads to somewhat smaller values of {Ad — A-u), but does not change 
our conclusions significantly. 

There is little experimental information on the parton distributions of the vector meson. 
Although it is common practice to set the unpolarized parton distribution of the p meson 
the same as that of the pion, the study of the polarized parton distribution of the p meson is 



lacking both in experiment and theory. The lattice calculation |^3[ finds that the polarization 
of the p meson is about 60%. So the ansatz Avp{x) = 0.6Vt^{x) was used in |jT^. We note 
that the lattice prediction of 60% polarization is for the ratio of the first moments of the 
polarized and unpolarized parton distributions, i.e. Jq Avp{x) = 0.6 Jq Vp{x) and it is quite 
possible that the x-dependence of the polarized parton distribution may be different from 
that of the unpolarized one. 

As an alternative hypothesis for the x-dependence of the polarized parton distribution, 
we employ a non-perturbative model of hadrons - the MIT bag model . The bag model 
has been shown to be a useful tool in the study of the non-perturbative structure of hadrons 



(e.g., mass spectrum, parton distribution). The theoretical calculations [p5| -|27|| of the parton 
distributions of the nucleon, including meson cloud contributions, can give results consistent 
with the experimental data. An interesting aspect of the bag model calculation is that it can 
be generalised to provide useful information on the parton distributions of the other hadrons. 
The parton distributions for both polarized and unpolarized octet and decuplet baryons have 
been calculated in the bag model |T^. However most present bag model calculations for the 
parton distributions are for the baryons. There has been no attempt in the bag model to 
calculate the parton distributions of the mesons. This is due, at least in part, to the lack 
of experimental data on the parton distributions of the mesonsQ. While the bag model is 
probably not very applicable to the pion, it does describe the rest of the pseudoscalar nonet 
and the vector octet reasonably well. So adapting the methods used to calculate baryon 



^At present only the parameterization for the parton distributions of the pion has been extracted 
experimentally ||28|| . 
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parton distributions to the meson sector should give a useful approximation to the parton 
distributions of the mesons, in particular the p meson. 



Adapting the argument of reference |27] we obtain the expression for the quark distribu- 



tion function in a p meson, where we include only one-quark intermediate states 



Here + components of momenta are defined by = + p^, p„ is the 3-momentum of the 
intermediate state, is the Fourier transform of the MIT bag ground state wavefunction 
\E'(r), and 0m (p) is the Fourier transform of the Hill- Wheeler overlap function between m- 
quark bag states: 



(22) 



The functions arise through the use of the Peierls-Yoccoz projection to form momentum 
eigenstates from the initial and intermediate bag states. The matrix element {p\Pf^m\p) 
appearing in eqn. (^I]) is the matrix element of the projection operator P/,m onto the required 
flavour / and helicity m for the SU{6) spin-flavour wavefunction of the p meson. 

III. RESULTS AND DISCUSSION 

We first fix the parameters of the MIT bag model calculation by fitting the calculated un- 
polarized parton distribution of the p meson to the Gluck-Reya-Schienbein parameterization 
(GRS99) for the valence parton distribution of the pionQ, which is essentially fixed by the 
TT-N Drell-Yan data. For the parton distributions of the nucleon, the bag model calculations 
with only two-quark intermediate states are usually smaller than the data in the small-x 
region and do not satisfy the normalization condition of the probability, i.e. P2 < I rather 
than P2 = 1 p5|-p7|. It is necessary to include intermediate states with three quarks and 
one anti-quark, arising from the action of the field operator {ip = b + S) on the three-quark 



^As usual we take the unpolarized pion and p valence distributions to be the same. 
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bag state. This allows the normalization condition to be satisfied. Such contributions from 
multi-quark intermediate states can be well parametrised by the form /4(x) = A^4(l — xY 



consistent with the Drell-Yan-West relation |27|. For simplicity we will employ a similar 
function form f^lx) = A^3(l — x)^ to parametrise the three-quark (and two-quark plus one- 
antiquark) intermediate state contributions to the unpolarized parton distributions of the 
p meson. The value of is determined from the normalization condition Pi + = 1, 
where Pi and P3 are the probabilities of the one-quark and three-quark intermediate states 
respectively. The parameters needing to be fixed are the radius of the bag R, the mass of 
the one-quark intermediate state mi, and the low momentum scale /i^, at which the model is 
supposed to be valid. The next-to-leading-order GRS99 parameterization is given at a scale, 
fi%^o = 0-40 GeV2, 

VNLoi^, f^lLo) = 0m6x-'-''\l - (23) 

where v'^ = = c/^^. Both the GRS99 parton distributions and our calculations are 
evolved to the scale = A GeV^ and the results are shown in Fig. 2. The thin dashed curve 
is the GRS99 parameterization, and the thick dashed curve is the bag model calculation. A 
good agreement in the small and intermediate x region is found for R = 0.7 fm, mi = 0.55mp, 
N3 = 1.68 and p^ = 0.23 GeV^. 

Having fixed the parameters we calculate the polarized parton distribution of the p, 
xAv^^'^{x). The result is presented in Fig. 2 as the thick solid curve. The first moment 
of AVp^^'^{x) is found to be about 0.60 at = 4 GeV^, which is in agreement with the 
lattice value of 0.60. For comparision, the distribution 0.6 xVt^{x), which could be set as the 
polarized parton distribution according to the ansatz used in is also shown in Fig. 2 
as the thin solid curve. It can be seen that the distribution 0.6xVt^{x) is smaller than the 
bag model calculation xAv^^'^{x) in the intermediate x region, although both distributions 
satisfy the same normalization condition. Also the bag model polarized parton distribution 
has a different x-dependence from the unpolarized distribution. 

We show the polarized fluctuation functions of the p meson (A/p in Eq. ([I5|) , the solid 
curve) and the interference terms {Afint in Eq. (plSj) , the dashed curve) in Fig. 3. It can be 
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seen that the maximum of Afint is about 40% that of Afp and that A/j„t changes sign from 
positive to negative at about y = 0.6. So the contribution to Ad — Au from the interference 
terms is not neghgible. 

As we have discussed in the last section, our expressions for /^jv/at fpA/N different 
from those given in [|l^. We show the numerical difference in Fig. 4 where the fluctuation 
functions Afp^N (dashed curves), A/pAAf (dotted curves), and Afp = ^Afp^^ — |A/pAAf 
(solid curves) which enter directly in the calculation of Ad — An (see Eq. (|15|)) are plotted. 



The thick curves are our results while the thin curves are from [13]. In each case the cut-off 
parameter in the form factor has been set to the same value Aoct = ^dec = 0.85 GeV. The 
difference is about 50%. 

We calculate the flavour asymmetry of the polarized anti-quark distributions employing 
both the bag model distribution xAvp^^'^{x) and O.GxVt^Ix) for the polarized valence parton 
distribution of the p meson. The results are shown in Fig. 5. The solid curves are the 
predictions using xAvp^^'^{x), while the dashed curves are obtained by using 0.6 xVt^{x). 
The thin curves are the results without interference terms while the thick curves are the 
results with interference terms. We see that the interference effect mildly increases the 
predictions for the flavour asymmetry, and pushes the curves towards the small x region 
due to A f inter being peaked at smaller y {ymax — 0.3) than the Afp {ymax — 0.60). For the 
calculations with xAv^^^'^ {x), the asymmetry with interference terms included exhibits a 
maximum at x ~ 0.12 while the asymmetry without interference terms exhibits a maximum 
at X ~ 0.18. Also it can be seen that the calculations with xAf^^^^(x) (the solid curves) are 
larger than that with {].Qxv.,^{x) (the dashed curves) in the intermediate x region, and have 
their maxima at larger x. 

The integral 

I dx\Ad{x) - Au{x)] 
Jo 

= £ dxAvpix) dy[Afp{y) + Af^^tiy)] (24) 



will be the same for both models for the polarized parton distribution of the p as they have 

11 



the same first moment for tlie polarized distribution. We find the integral to be 0.023 (0.031) 
without (with) the interference terms. The interference effect increases the integral by about 
30%. 

Using a softer form factor for the octet contributions, as suggested by the fit of d{x) —u{x) 



at large x will lower the value of the integral /a- For example, taking Aoct = 0.80 GeV 
and Adec = 1-0 GeV consistent with the analysis of [21|, the integral decreases to —1.1 x 10"'^ 



(+5.7 X 10^^) without (with) the interference terms. In this case the flavour asymmetry 
between d and u is very small. The reason is that the fluctuation p Ap gives a negative 
contribution to the integral Ja and this fluctuation is greatly emphasized for the above cut- 
off parameters^. The prediction for the integral /a has a strong dependence on the cut-off 
parameters Aoct and A^gc- For example, the results calculated including interference terms 
vary from 0.0043 to 0.033 for the cut-off parameters changing from Aoct = A^ec = 0.8 GeV 
to 1.10 GeV. Clearly these values obtained using the meson cloud model are very different 



from those obtained using the chiral quark-soliton model [|I^ which have a magnitude of 
around 0.3. It is interesting that both models agree well with the experimental data for the 
unpolarized asymmetry, yet predict very different results for the polarized asymmetry. As 
the magnitude of the predicted polarized asymmetry appears to be fairly natural in each 
of these models, experimental data will provide a valuable test of these models, and give 
insight into the relation between helicity dependent and helicity independent observables in 
quark models. 

We do not find that the vr — p interference terms can be sizeable, which appears to be 
in disagreement with the conclusions of Boreskov and Kaidalov |T^. The main reason for 



this disagreement is that we do not here consider interference terms where the p meson 
has non-zero helicity. This is because any such terms only contribute to amplitudes in the 
virtual Compton scattering which have a spin-flip between the incoming and outgoing proton 



^ The probabilities for p Np andp Ap are 0.012 and 0.042 respectively, while the probabilities 
are 0.189 and 0.034 for the parameter values Aoct = 1-08 GeV and Adec = 0.98 GeV. 
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states. These spin-flip amplitudes in turn only contribute to the cross-section aj, which is 
the interference between transverse and longitudinal polarisations of the virtual photon |^ 



ai oc 



M2 



V 



[gi{x) + g2{x)] in the Bjorken limit. 



(25) 



So any interference terms involving non-zero helicity p mesons can be expected to decrease 
as 1/ y/Q^ as gets large. Using the operator product expansion shows that the relevant 
operators are all twist 3 or higher. As the experimental data for gi{x) for both the pro- 
ton and the neutron show no marked dependence, we conclude that these higher twist 
contributions are not relevant at the experimental scales. 



IV. PAULI BLOCKING CONTRIBUTIONS TO THE FLAVOUR ASYMMETRY 



We have not so far considered any contribution to the asymmetry arising from 'Pauli 



blocking' effects ||21|j25|j3^ . In a model such as the bag model, where the valence quarks are 
confined by a scalar field, the vacuum inside a hadron is different from the vacuum outside. 
This manifests itself as a distortion in the negative energy Dirac sea, which is full for the 
outside (or free) vacuum, whereas there will be empty states in the Dirac sea of the bag. To 
an external probe this change in vacuum structure appears as an intrinsic, non-perturbative 
sea of qq pairs This change in the vacuum is similar to the change in the Fermi-Dirac 
distribution when the temperature is raised above absolute zero. Now when a quark is put 
into the ground state of the bag it wil have the effect of filling some of the empty negative 
energy states in the sea of the bag vacuum. The reason for this is that the ground state 
wavefunction can be written as a wavepacket in terms of plane wave states of positive and 
negative energy, with the energy distribution of the wavepacket centred at the ground state 
energy eigenvalue, but with non-zero contributions from negative energy plane waves. Hence 
the presence of a quark in the bag ground state lowers the probability of a negative energy 
state being empty, which is the same as lowering the probability of finding a positive energy 
antiquark. As the proton consists of two up quarks and one down quark, the probability 
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of finding a u antiquark is reduced more than the probabihty of finding a d antiquark i. e. 



d > u. The analysis of ref ||2T| showed that, in the context of the meson cloud model, about 
50% of the observed d — u asymmetry may be due to Pauli blocking. 

When we include spin in the analysis of Pauli blocking, we find that putting a spin up 
quark into the bag ground state has the effect of filling some of the negative energy spin up 
quark states in the bag vacuum, which is equivalent to lowering the probability of finding 
a positive energy spin down antiquark. As the SU (6) wavefunction of the spin up proton 
is dominated by terms with the two up quarks having spin parallel to the proton spin and 
the down quark having spin anti-parallel, Pauli blocking predicts that the probabilities of 
finding spin down u antiquarks and spin up d antiquarks are reduced i.e. -u^ > -u^, d^ > d} 
or Au(a;) > 0, M{x) < 0. 

We can also estimate the contribution of the Pauli blocking effect to the polarized asym- 
metry, again using the Adelaide group's argument for calculating parton distributions in the 
bag model. In the parton model antiquark distribution functions are given by 

2 

The appropriate intermediate state \n) consists of four quarks. If we assume the SU{Q) 
wavefunction for the proton with spin +1/2, and insert an additional quark only into the 
radial ground state, then we have the following matrix elements for the projection operators 



(26) 



onto spin and flavour |j2^ 

(/^l^i'Vl-") = I = l (27) 

We have ignored any effects of spin-spin coupling in the intermediate state. Following the 
argument of the Adelaide group for calculating the parton distributions we can then write 
the antiquark distributions as 

M^^ = 2F(4)(X)±^G'(4)(X), 

rfTi = ^F(4)(x) + iG(4)(x), (28) 
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where -F(4)(a;) and G'(4)(x) are the spin independent and spin dependent kinematic integrals 
over the momentum of the intermediate four quark state. The sea asymmetries can then be 
expressed as 

d{x) — u{x) = F(4)(x), 
Ad{x) - Au{x) = -^G'(4)(x). (29) 

As G(4)(x) is positive at all x, Pauli blocking gives a negative contribution to the spin 
dependent flavour asymmetry in the sea, whereas the meson cloud contribution tended to 
be positive. Also noting that as F(4)(x) > (7(4) (x), we can integrate over all x and then 
obtain an upper limit for the size of the Pauli blocking contribution to the spin dependent 
asymmetry in terms of the contribution to the spin independent asymmetry: 

- dx[Ad{x) - Au{x)] <- C dx[d{x) - u{x)]. (30) 



/o 3 JO 

As an estimate for the integral on the rhs of eqn. ( pOf ) we may use the value of 0.07 



given by the analsis of reference ||21|. This then gives an upper limit of about 0.12 for 
the magnitude of the integral over the polarized asymmetry. In the bag model, the ratio 
G(4) (x)/F(4) (x) varies from about 0.8 at low x to unity at large x, which gives us a value of 
about —0.09 for the integrated polarized asymmetry. While these values are calculated at 
some scale appropriate to the bag model, the values of the integrals are not much affected 
by evolution up to experimental scales, so we expect the relation between polarized and 
unpolarized sea asymmetries to be approximately correct at all scales. The value of the 
Pauli blocking contribution to the integrated polarized asymmetry is much larger than that 
we have calculated in the meson cloud model, in contrast to approximate equality in the 
unpolarized case. Thus the experimental observation of any asymmetry in the polarized sea 
distributions is much more a test of the Pauli blocking hypothesis than of the meson cloud 
model. 

The Bjorken sum rule may be written 

^ dx[gl{x) - g'lix)] = ^ [ dx[{Au{x) - Ad{x)) + {Au{x) - Ad{x))] 
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We estimate that the contribution to the sum rule from Pauh blocking plus meson cloud 
effects is about 5-10% of the value of the sum rule. 

We note that the Dortmund group have recently [Q analyzed the polarized sea asymme- 
try also using a Pauli blocking type ansatz, and found a value around —0.3 for the integrated 
asymmetry. This would correspond to a contribution of around 20% to the Bjorken sum rule. 
The Dortmund analysis was based on the proposed relation between polarized distributions: 

Au{x) Ad{x)' ^ ' 

This relation is not obeyed by the distributions in our analysis. The reason for this is 
that Pauli blocking should most affect the Am distribution rather than the Ac? distribution 
(starting from an assumed S'[/(6) value of 0), and hence the Ihs of the relation (^) has 
magnitude less than one, while the magnitude of the rhs is greater than one. 



V. SUMMARY 

The meson cloud model is very successful in explaining the flavour asymmetry of the 
unpolarized parton distributions in the nucleon sea. In this paper, we have calculated the 
flavour asymmetry for the polarized anti-quark distributions of the nucleon. We have in- 
cluded the contributions from both the vector meson cloud and the interference terms be- 
tween pseudoscalar and vector mesons. We have used two prescriptions to describe the 
polarized valance quark distribution of the p meson - (i) calculating it in bag model and (ii) 



employing the ansatz given in to relate it to the unpolarized quark distribution of the 
TT meson. Our calculations show that the interference effect mildly increases the prediction 
for IS.d[x) — Ac?(x) in the intermediate x region. We have also discussed the effect of 'Pauli 
blocking' on the asymmetry, and have seen that this effect gives a larger contribution to the 
asymmetry than meson cloud effects, in contrast to the unpolarized case. 
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We give here expressions for the helicity dependent fluctuation functions appear in 



APPENDIX 



Eq. (p!5|), where the superscript 1 (—1) is the vector meson helicity. 



^fpN/N — fpN/N fpN/N 



(33) 




-4 fNNp 9NNp rriNy 2 + k"^ (1 + | 



(34) 





(35) 



A/pA/Jv(y) = fpA/Niy) - fpl/Niv) 



(36) 
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{k^ + k^ml {3 -Ay + Ay 
+k^mAy [-4mjvmJ (-1+yf + miy (4-4y + 3y^) 



+ 



-l + yy + m\y^ 



(37) 



fpA/Niy) 



Inap 



f{pOu!)p/piy) 



/ 

Jo 



dklGl^{y,kl) 

24 mln^ (-1 + yf y^ Jo [m% - ml^{y, kl)]^ 

j/c^m^ + fc^ (-1 + I/) + 2mAmivy 
+ 3m% m?p {—1 + y) ^- m/^mN y' 

P°U!)p/p f {pOu!)p/p f {p°Uj)p/p 

^9nnu> f°° dklGpNiy,kl)Gu,N{y,kl) 



f 

Jo 



8 7r2 (-1 + y)^ y3 Jo [m% - ml^{y, kl)] [m^ - ml^{y, kl)] 
\gNNp (k^ + m^y^) -2/jvjvpmjvy [2m%y^ + k^ (1 + y)]} 



(38) 
(39) 

(40) 



f{pOuj)p/p(y) 



3 gNNu 



dklGfyNiy, kl)G^,N{y. kl) 



Stt^ (-1 + y) ?/ Jo [m% - ml^{y, A;i)][m^ - mlj^{y, k^^ 
{k'^ [qnnp (-1 + t/) - 2 Jnnp rriN y] } 



(41) 



For pseudoscalar- vector interference terms, only helicity zero contributes at leading twist. 

3 dklG^N{y,kl)GpN{y,kl) 



f{Trp)N/N{y) — 



IGmpTT^ (-1 + y) 7o [m 



1% 



m 



nN 



iy,kl)][m%-mlN{y, kl)] 



{gNNTT [^^ + (-1 + y)+m% 7/^] } 
{-gNNpmN (-1 + ?/) y + fNNp [-k'^ (-2 + y) + mlf y^]} 
fNATrfNAprrip r"^ dklG^Aiy, kl)GpA{y, kl) 



(42) 



fi.p)A/N{y) 24^^ ^2 (_i + y2 Jo [m% - ml^iy, kl)][m% - ml^{y, kl)] 
{k' (2 + y) 



-2e 



2mAmN {-1 + y) - m% {-1 + y)^ {l + y)+ml {-l + 2y) 



+ 



m 



N 



-i + yf 



(43) 



f{-K°uj)p/p{y) — 



-3 gNN-KQNNbj n^N f°° 



L 



dklG^Niy, kl)GpN{y, kl) 



16 7r2 (-1 + y)^ y Jo [m% - mlr^{y, kl)] [m% - ml^{y, kl)] 



k^ + m'^ i-l + y)+m%y^ 



(44) 
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FIGURE CAPTIONS 



Fig. 1. Schematic illustration of interference contributions to the polarized anti-quark 
distributions. 

Fig. 2. The polarized and unpolarized valence quark distributions of the p meson at = 
4 GeV^. The thick dashed and solid curves are the bag model calculations for the 
unpolarized and polarized distributions respectively. The thin dashed curve is the 
unpolarized parton distribution of the vr meson [Q. The thick solid curve is the 



polarized parton distribution of the p meson using the ansatz Avp{x) = 0.6f^(a;) JTSl 



Fig. 3. The polarized fluctuation functions for the vector meson (the solid curve) and the 
interference terms (the dashed curve). 

Fig. 4. Comparision of polarized fluctuation functions, Afp^^ (dashed curves), A/pAAf 
(dashed-dotted curves), and |A/p7VAr — |A/pAiv (sohd curves), given in this work (thick 
curves) and in [|l^] (thin curves). 

Fig. 5. The flavour asymmetry of the anti-quark in the proton. The solid curves are the 
predictions using xAv^^^'^, while the dashed curves are obtained by using 0.6x^7^(0;). 
The thin curves are the results without interference terms while the thick curves are 
the results with interference terms. 
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Fig. 1 
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